Abstract. The investigation of low light imaging is of high importance 1 in the field of color science from different perspectives. One of the 2 most important challenges that arises at low light levels is the issue 3 of noise or, more generally speaking, low signal-to-noise ratio (SNR). Moreover, an SNR sensitivity analysis against the noise parameters 23 is presented over different light intensities.
INTRODUCTION

28
The human visual system is able to work under different 29 lighting conditions. It is desirable to have imaging devices, 30 such as cameras, that are able to operate in similar light 31 levels. The ability of the human visual system to work even 32 under low light situations leads to the importance of studying 33 low light levels. However, most of the theories, measures, 34 models, and methods in color science are developed for 35 high intensities. 1 These theories, measures, methods, and 36 models cannot be used for low light situations, since they 37 fail to comply with the necessary conditions for which they 38 are feasible. For instance, a color difference formula that is 39 derived for photopic conditions (i.e., luminance levels greater For both imaging devices and the human visual system, 48 as the light level goes down, the effect of noise becomes 49 more significant. 6 In this situation, an imaging device will 50 acquire a noisy signal with a low value of signal-to-noise ratio 51 (SNR). In human vision, lower signal-to-noise level results 52 in changes in the appearance of measured colors. Several 53 works have discussed the impact of light level on human color 54 perception. [7] [8] [9] [10] It is unanimously accepted that reducing the 55 light level gives rise to color shifts, and this effect is mostly 56 attributed to the rod intrusion into the mesopic vision (dim 57 light situation in which both rods and cones contribute to 58 vision). 11, 12 However, the issue of noise at low light levels is 59 still an open problem for artificial image sensors. 60 To the best of our knowledge, the effect of noise at low 61 light levels on the color measurements of imaging devices 62 has not been addressed yet. One of the most recent works 63 concerning this topic is the work performed by Kirk and 64 O'Brien, proposing a tone mapping approach to convert high 65 dynamic low light images to a perceptually closer result to the 66 human mesopic vision experience. 13 However, the authors 67 did not take into account any noise type in their mesopic 68 color appearance modeling and left it as a future work.
69
Our article is concerned with modeling the performance 70 of color image sensors under low signal-to-noise ratios. 71 Our methodology involves tracking photons in the imaging 72 sensor pipeline from the emission to the detection and 73 recording level. In this regard, physical rules governing 74 photon emission are employed to estimate the low light 75 version of quantities describing the light coming to the 76 imaging device; then, an image sensor model is implemented 77 and leveraged to study the luminance and noise induced 78 effects on the sensor color measurements. Camera or image 79 sensor models have been presented in different works. 14,15 80 The rationale behind modeling digital camera imaging 81 systems is, first, to reconstruct hyperspectral images taken 82 by spectrometers, or to be used in computer graphics 83 applications 16 , or, second, to evaluate the camera design 84 and output image quality, or to optimize the performance 85 of the camera in terms of some adjustable parameters (e.g., 86 exposure time or ISO setting). 17,18 87 In terms of application, the results of this study can 88 be utilized in developing low light image quality mea-89 sures, introducing efficient denoising algorithms, developing 90 realistic color noise perception models, 19 
113
Given the spectral radiance, L(λ), the average emitted 
By taking this approach, we can establish the effect of 141 shot noise on estimates of low light spectral radiances. It 142 is worth mentioning thatL FN (α, β, λ), which denotes the 143 quantal number of photons falling on the location (α, β) of 144 the image sensor in photons/sec/m 2 /sr/nm, can be obtained 145 from the radiance quantity,
IMAGE SENSOR MODELING
148
A typical digital camera is comprised of the following 149 elements: an optical system, an image sensor, and an image 150 processor. 16 The focus of this section is on modeling 151 and simulating the image sensor of a digital camera. We 152 consider the image formation model, noise model, and 153 analog-to-digital converter (ADC) components in the image 154 sensor model. Figure 1 shows a diagram of the image sensor 155 model, which is a modified version of the model introduced 156 in Ref. 18 .
When the shutter of a camera opens, a stream of photons 158 enters the camera and falls on the image sensor. A color 159 image sensor consists of three sensor types, which usually 160 are referred to as R, G, and B sensors. The exposure setting 161 determines the number of photons captured by the sensors. 162 Each sensor type has a specific spectral quantum efficiency 163 (i.e., the proportion of electrons generated as a result of 164 photon catches for an area of 1 (m 2 ) that subtends 1 (sr)). A 165 pixel of an image sensor consists of a photodetector, a color 166 filter, and a readout circuit. The rain of photons hitting the 167 photodetector produces a photocurrent. This photocurrent 168 together with the photodetector dark current, which will be 169 explained later, is accumulated during the integration time 170 as far as the sensor capacity allows. The maximum sensor 171 charge capacity is known as full-well capacity and determines 172 the level of saturation for each sensor. When the integration 173 time is over, the readout circuit is responsible for measuring 174 the voltage produced in the pixels. This process is prone 175 to noise, known as the readout noise. The structure of the 176 readout circuit is the main difference between CCD and 177 CMOS type image sensors.
178
Noise Model
179
Noise can be defined as any unwanted event that hampers 180 the image quality. In our simulation framework, we assume 181 an additive model for the noise and the following noise 182 types are considered as the most significant sources of noise 183 underlying the image distortion. The result of E ab calculation is shown in Fig. 4(f) , 401 indicating that as the light level falls off, the color change 402 between different trials of each data point becomes more 403 noticeable.
404
Scenario II: Effects of Dark Current on Image Sensor
405
Responses at Low Light Intensity
406
It is shown in the first scenario that photon noise may 407 bring about uncertainties in the measurements at very 408 low light levels when the image sensor is deemed ideal 409 and no other noises may disturb the measurement. In 410 this subsection, the effect of dark current is examined 411 separately from the other intrinsic noise types, when only 412 photon noise and dark current are affecting the image 413 sensor, and the sensor saturation function is not considered 414 in the sensor model. The intensity factor is set to F ∈ 415 {1, 0.5, 0.1, 0.05, 0.01, 0.005, 0.001} during each trial of 416 the experiment. For the sake of this experiment, only the 417 boundary data points (indices 1-13) from the initial 20 data 418 points are picked to make the resulting figures clearer. 419 The results are shown in Figure 5 , indicating that the 420 dark noise may cause much more significant effects on 421 the color measurement at lower intensities than the photon 422 noise. The result is that the dark noise pushes the low 423 intensity measurements towards the average chromaticity 424 of the image sensor's black point. In comparison to the 425 photon noise, which became noticeable at intensity factors 426 of the order of 10 −13 and lower, the dark current noise 427 effect becomes visible for F ≤ 0. in different light intensities. In scenario I, the size of the 438 ellipses is more uniform for lower intensity factors than for 439 higher values of F; however, in scenario II, the opposite of 440 this pattern is exhibited, as seen in Fig. 5(e) , where the size of 441 lower intensity ellipses is more uniform than high intensity 442 values. Nonlinear effects imposed by these saturated samples are 450 explicitly revealed in Fig. 6(b) 
CONCLUSION
522
In this work, we examined the effects of noise on color 523 measurements of image sensors at low light levels. 
